ABSTRACT One advantage of the particle damper is that its property is independent of the surrounding temperature. This allows it to be used in harsh environments where traditional dampers fail. But current design of this damper mainly depends on experimental results because of a lack of theoretical research. In this paper, an investigation into particle dampers is performed analytically and experimentally. A coupling simulation algorithm based on the discrete element method and finite element method is presented. Comparison between the analytical and experimental results shows that simulation of the response of a cantilever plate with a particle damper is accurate. It is shown that the response of the cantilever plate depends on the mass-fill ratio and particle density of the particle damper.
INTRODUCTION
Passive damping techniques are common methods of attenuating resonant response. A particle damper comprises granular material enclosed in a container that is attached to or within a vibrating structure. Particles can be metallic, nonmetallic or a mixture of various materials. The shape of the particles may be near spherical or irregular in shape. The shape, size and material of the particles will influence the flow characteristics of the particles in the cavity. Vibrational energy is dissipated by the damper through inelastic collision and friction between particles. The principal challenge is that their performance is highly nonlinear.
Particle dampers are often a preferred device for vibration mitigation since they are easy to implement, and their performance is independent of temperature. They may be exposed to harsh chemical environments, and they are highly effective in suppressing responses over a wide range of frequencies [l-6] . The single particle impact damper is a special case of the particle damper that has been analyzed extensively [7] [8] [9] [10] [11] . Particle damping has attracted the attention of many researchers in industry and academia. Panossian [12] studied non-obstructive particle damping in the modal analysis of structures at a higher frequency range. The method consists of drilling small diameter cavities at appropriate locations in a structure and partially or fully filling the holes with particles of different materials and sizes.
The particle-damping phenomenon is highly nonlinear because of friction and collision. The mechanism of friction is still understood poorly. It is the macroscopic physical manifestation of strong cohesive and adhesive surface forces at the atomic scale; so anything beyond a semi-empirical analysis becomes extremely complicated. To date, research into particle dampers mostly focuses on experiment. It is well known that the simulation study may contribute to a deeper understanding of the mechanism in the complex phenomenon of particle damping, and it may also decrease the design cost and promote the development of particle damping techniques. The primary objective of this paper is to develop a mathematical model to simulate a structure with a particle damper. Here, the Hertz-Mindlin model is used to describe the normal force of the particle damper. The simulation method of the particle damper is obtained by combining the finite element method with the discrete element method. Then the influence of the mass-fill ratio and particle density of the particle damper on the vibration attenuation is investigated. Later in this paper, a cantilever plate system with a particle damper is designed and tested.
FINITE ELEMENT-DISCRETE ELEMENT(FE-DE) COUPLING ALGORITHM
In this paper, all the particles are assumed to be perfect spheres. The contact area and particle displacement after contacting are very small relative to the particle sizes. The motions of particles are calculated by using the discrete element method (DEM) in which the calculating time-step is set small enough to consider velocity and acceleration approximately constant during the time-step. The calculations are performed in DEM. Newton's Second Law is used to determine the motion of each particle arising from the contact forces, while the force-displacement law is used to update the contact forces arising from the relative motion at each contact. A finite element model of a cantilever plate is developed in NASTRAN software. The response of the structure is calculated to study the damping effect of the particle damper using finite element software NASTRAN. The flow chart of numerical simulation is shown in Fig. 1 . Figure 1 Flow chart of the coupling simulation algorithm
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Contact property
Normal and tangential springs, viscous absorber dampers and a tangential sliding grater between each pair of contact surfaces are assumed to represent contact force and energy dissipation as shown in Fig.2 . Corresponding normal and tangential stiffness coefficients are k n , k s , while damping coefficients c n , c s are associated with the absorber. Particle sliding occurs when the actual interparticle shear force exceeds the maximum tangential shear resistance force. The normal tensile strength is currently set to zero.
Figure 2
Nature of particle-to-particle contact
The simplest model is a linear model that uses a combination of a spring and an absorber in both the normal and the shear directions. However, a linear model is known to be inaccurate in predicting the correct force displacement relationship. In this paper, the Hertz theory is used to describe the particle interaction. The normal component F n of the contact force is modeled as the resultant force of the spring force based on Hertzian contact theory and the damping force [13] and expressed as in the following equation (1) Where: k n is the normal stiffness. where E, R and v are the Young's modulus, radius and the Poisson's ratio of particles respectively;
δ n is the normal overlap distance; c n is the normal damping coefficient.c n =-, where m and e are the mass and coefficient of restitution;
v n is the relative velocity of two particles in the normal direction.
Particle sliding occurs when the actual interparticle tangential force exceeds the maximum tangential resistance force. Using an incremental form, the tangential contact force [l4] is expressed by 
The discrete element method
An iterative method is used in this paper. The specific process is as follows: the motion of a particle results from nonzero resultant force applied on it, and may be determined by Newton's Second Law; particle motion is then used to determine the particle displacement which in turn is used to determine interactions and contact forces among particles; these forces are then used to update particle motion for the next time-step. The DEM is not applied to simulate the motion of plate, but the motion and interaction of particles. The motion of plate is calculated by FEM. The equations of motion for the ith particle are given as: (3) (4) In Eq. (3) and Eq.(4), F i is the resultant force vector; m i is the mass of ith particle; x i is the vector of the particle; x¨i is the acceleration vector of the particle; M i is the resultant moment; θ¨i is the angular acceleration vector. Given the resultant forces and moments, the position of the particle in one timestep ∆t is updated based on the equation:
Where the mid-interval quantities are computed based on a centred finite difference scheme of the velocities:
Time-step
Exact estimation of the real computation time required for a DEM simulation may be almost impossible as each simulation and each computer is different. This paper attempts to collect together some of the wealth of experimental data and provide a simple way of estimating these times.
In DEM, particles undergoing elastic contact are treated as overlapping and this overlap is equated to a surface compression. Clearly, in Eq.5 and 6, the time-step must be such that the maximum overlap is lower than the theoretical maximum overlap for Hertzian contact. In practice, to get a good numerical integral during the contact process at least 6 time points should be included foe each contact-three points for approaching and three points for separating. The time-step [15] for DEM is obtained as: 
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Experimental verification
To demonstrate the particle damper model, testing and analysis of a cantilevered plate were performed. The plate is undamped and a particle damper attached. The above particle damper model is used to predict the behavior of the plate under various conditions. Fig. 3 and 4 show the experimental apparatus used in this study.
Figure 3
Photograph of experimental test setup
Figure 4 Schematic of cantilever plate
The cantilever plate is specified with a mass density of 7,800 kg/m 3 , an elastic modulus of 1.75×l0 11 Pa, and Poisson's ratio of 0.3. The dimensions of cantilever beam are length 250 mm, width 60 mm, and thickness 5 mm The plate is excited near the root through a stinger attached to a shaker. Testing is performed with excitation forces of 0.2N, 0.4N, 0.8 N and 1 N. The excitation force is kept constant. Accelerations are measured at the plate tip, and in simulation the displacements of the same plate tip are calculated based on the assumption of real sinusoidal response. In this test, all of the particle damper cavities are 3.5 mm in diameter, and 50 mm long. The test is performed on particle dampers containing steel spheres of 2 mm diameter. The plate was tested for five different mass fill ratios of 0%(without particle), 30% (43 paticles), 50% (74 paticles), 70% (103 paticles) and 90% (130 paticles) respectively. The parameters of particles for the experiments and the simulation are listed in Table I . Fig.5 shows plots of root mean square (rms) value of the plate versus the frequency of the excitation force and makes a comparison of the experimental results with the calculated results. The plate is excited by a harmonic motion with 1N force. Analytical simulations are performed using mass-fill ratios of particles of 50%. There is little difference between the analytical values and the experimental values for the amplitude, and the calculation times for models with a particle damper is about 13 hours. Therefore, the approach in this study is effective for calculating Diameter ot cavity 3.5 mm
The mass of particle damper with 100% fill 0.048kg
The mass of beam without particle damper 0.567kg Figure 5 Comparison between experimental and calculated results for a plate with different excitation forces Fig.6 shows the response of the plate using the coupling simulation algorithm with various mass-fill ratio of particle damper, while the other parameters are the same. It shows the frequency response property of the plate for various mass-fill ratios. It is clearly observed that, the high-mass fill ratio of 70% results in the best vibration attenuation.
Figure 6
Simulation results of the plate amplitude versus the frequency for various mass fill ratio of particle damper.
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Fig .7 shows the relationship between the rms value of the primary plate amplitude and particle densities under the excitation force of 1 N. The maximum value of the primary plate amplitude decreases as the particle density increases. This figure also shows the effect of the mass ratio on the vibration attenuation. At the same particle density, the maximum value of the primary plate amplitude is always smaller for the mass fill ratio of 70% than for the mass fill ratio of 50% and 30%.
Figure 7
Influence of the particle densities on the vibration
CONCLUSION
This paper presents a coupling simulation algorithm to simulate the response of a plate with a particle damper. Comparison between the simulation and the experiment results, indicates that the coupling simulation algorithm is remarkably effective. The results also indicate the damping performance chiefly depends on the relationship of the mass-fill ratio and particle densities and the maximum value of the primary plate amplitude increases as the particle density increases, and for the same particle densities, the maximum value of the primary plate amplitude is always smaller for the mass-fill ratio of 70% than for the mass-fill ratios of 50% and 30%.
